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Biocementation through Microbial Calcium Carbonate Precipitation  
 




 Biocementation through microbial carbonate precipitation is a new branch of microbial geotechnology 
that deals with the applications of microbiological methods to produce cemented materials used in engineering. The 
primary consideration of these applications is to improve the geophysical properties of soil so that it will be suitable 
for construction and environmental purposes. The applications of biocementation would require an interdisciplinary 
research at the confluence of microbiology, ecology, geochemistry, civil and environmental engineering. This new 
field has the potential to meet society’s expanding needs for innovative treatment processes that improve soil 
engineering properties. This paper presents an overview of biocementation, particularly through microbial calcium 
carbonate (CaCO3) precipitation, and non-destructive geophysical techniques for real-time monitoring of soil 
engineering properties. Focus is then narrowed to an example of laboratory-scale test of biocementation of sandy 
soil and measurement of strength development by shear wave velocity (Vs). Other analytical results included 
microscopic imaging by scanning electron microscope (SEM) and identification of CaCO3 precipitation presented in 
biocemented sand by X-ray diffactometer (XRD) were discussed. Potential advantages and envisioned applications 
of biocemented soil improvement are identified. 
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 Current soil improvement techniques (i.e. the usage 
of cement and chemical additions) use large amount of 
energy, man-made materials and create environmental 
concerns. Recently, the new technique using microbial 
biotechnology for producing biocement is being 
interest due to environmentally friendly, low-energy 
input and also microorganisms used in the process are 
non-pathogen. Furthermore, unlike the use of cement, 
soils in the fields can even be treated or improved 
without disturbing the ground or environment as 
microorganisms can penetrate and reproduce 
themselves in the soil naturally. It has been reviewed 
that some microorganisms i.e. Bacillus sp. and 
Sporosarcina sp. in the medium contained urea and 
calcium ion can induce precipitation of calcite [1-3]. 
Thus, new exciting opportunities for utilizing 
biological processes to improve soil properties have 
recently emerged. These opportunities have been 
enabled through interdisciplinary research at variety of 
fields including microbiology, geochemistry, and civil 
engineering.  
 Calcium carbonate (CaCO3) precipitation is a 
common natural phenomenon found in the 
environments that are oversaturated in carbonate ions, 
i.e. underground water, sea water, and soils. It has a 
great importance in many environmental and civil 
engineering applications. Generally, this process can 
occur via abiotic and biotic pathways. Biologically 
induced CaCO3 precipitation by ureolytic bacteria has 
been proposed for several biotechnological 
applications. This article paid attention to research 
background on biological mechanisms of CaCO3 
precipitation and illustration of biocementation 
technique for improving the engineering properties of 
soils. Example of this technique was applied in sandy 
soil. The source of urea degrading bacteria was 
originated from natural water (Chaophraya River, 
Thailand), where the bacterial community is mixed 
cultures. Non-destructive test using shear wave 
technique was applied to measure strength 
development in biocementing process. The potential 
use of microbially induced CaCO3 precipitation as a 
soil biocement is discussed. 
 
2. Biological process induced calcium 
carbonate precipitation 
 Currently, techniques for ground improvement are 
being explored which aim at enhancing soil properties 
on demand by stimulating natural bio-chemical 
processes in- situ [1-6]. One of these technologies is 
biocementation (or biocalcification), an in-situ soil 
strengthening technique involving microbial-induced 
CaCO3 precipitation. Several studies have shown that 
this process can be used to improve the mechanical 
properties of porous materials [1-3, 5-9]. In most of 
these studies, CaCO3 precipitation was induced by 
hydrolysis of urea in a solution with calcium chloride 
(CaCl2). Purified urease enzymes or whole bacterial 
cells, containing the enzyme in high concentrations, 
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were used to catalyse the hydrolysis of urea and 
produce ammonium and carbonate ions leading to an 
increase of pH level and precipitation of CaCO3. 
 Biocementation (or biocalcification) through 
ureolysis presents several advantages over the other 
carbonate generating pathways, as it can be easily 
controlled and it has the potential to produce large 
quantity of carbonate within a short period of time 
[10]. Fig. 1 illustrates bio-chemical reactions involving 
the induction of CaCO3 precipitation. Bacteria produce 
enzyme urease that hydrolyzes urea (CO(NH2)2 or 
NH2-CO-(NH2) to ammonium (NH4






Fig. 1. Overview of biological and chemical processes 
via ureolysis inducing calcium carbonate precipitation 
adapted from [2]. 
 
 The reaction is initiated by 1 mole of CO(NH2)2 
hydrolyzing intracellularly to 1 mole of ammonia 
(NH3) and 1 mole of carbamate (H2COOH) as 
described in Eq. (1), which spontaneously hydrolyzes 
to 1 mole of NH3 and carbonic acid (H2CO3) in Eq. (2). 
These products subsequently equilibrate in water to 
form CO3
2- and two moles of NH4
+ and hydroxide 
(OH) ions in Eqs. (3) and (4). These chemical 
sequences can be summarized and rewritten by Eq. (5). 
Production of NH4
+ results in increase of pH. In the 
presence of sufficient Ca2+ and CO3
2- ions, this will 
subsequently result in formation of CaCO3 
precipitation in Eq. (6). Some Ca
2+ ions are bound to 
the cell wall of bacteria can result in the formation of 
CaCO3 crystals on the bacterial cell and some Ca
2+ ions 
are bound to soil particles can also result in the 
formation of crystals on the surface of particles. In 
addition, precipitation of CaCO3 can also occur in the 
bulk phase of the liquid (see also Fig. 1). Those 
presences of CaCO3 can fill the soil pores, bind soil 
particles together and increase solid content in soil [2, 
10-12]. 
 
CO(NH2)2 + H2O     →         H2COOH + NH3        (1) 
 
NH2COOH + H2O     →  NH3 + H2CO3        (2) 
 
2NH3 + 2H2O      →  2NH4 + 2OH
-        (3) 
 
2OH- + H2CO3     →  CO3
2- + 2H2O        (4) 
 
CO(NH2)2 + 2H2O    →          2NH4
+ + CO3
2-       (5) 
 
Ca2++ CO3
2-    ↔     CaCO3    : Ksp  = [Ca
2+] [CO3
2-]  (6) 
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 Five key factors are involving precipitation of 
CaCO3 including (1) the Ca
2+ concentration, (2) the 
concentration of dissolved inorganic carbon (DIC), (3) 
microorganisms, (4) the medium pH and (5) the 
availability of nucleation sites [10, 12, 13]. It is noted 
that by biological CaCO3 precipitation requires 
sufficient Ca2+ and CO3
2- ions so that the ion activity 
product exceeds the solubility constant (described by 
Eq. (6), Ksp, calcite at 25 
oC = 4.8 ˟ 10
-9) [10]. However, 
some researchers reported that increasing urea and Ca2+ 
concentration more than 90 g L-1 do not increase the 
amount of CaCO3 obtained by this process [7]. 
 The concentration of CO3
2- ions is related to the pH 
and concentration of DIC of a given aquatic or water 
saturated terrestrial systems. A pH increase is an 
indication of urea hydrolysis; and at any media pH, 
NH3 and NH4
+ exist at different concentrations. Higher 
concentrations of NH3 and NH4
+ provide favorable 
conditions CaCO3 formation [14]. Additionally, the 
DIC concentration depends on several environmental 
factors i.e. temperature (T), atmospheric pressure (P) 
and the concentration of soluble carbon dioxide (CO2). 
The equilibrium reactions and constants governing the 
dissolution of CO2 in aqueous media, for example at T 
= 25 oC and P = 1 atm, are given in Eqs. (3) to (6) [10, 
15]. 
 
CO2(g)         ↔     CO2(aq.)    :   (pKH = 1.468)  (7) 
 
CO2(aq.) + H2O  ↔    H2CO3*        :  (pK = 2.84)    (8) 
H2CO3*
         ↔      H+  + HCO3
- :  (pK1 = 6.352)   (9) 
 
HCO3
-         ↔    CO3
2-  + H+  :  (pK2 = 10.329)  (10) 
with  H2CO3*  =  CO2(aq.)  +  H2CO3 
 
 Selection of suitable microorganisms used for 
biocementation process is the important step affecting 
the effectiveness of CaCO3 formation. The bacteria 
should possess high ureolytic activity and non-
pathogenic [14]. The bacteria should also have a high 
negative zeta-potential [10, 13] to promote adhesion 
and surface colonization, and produce large quantity of 
urease enzyme in the presence of high concentrations 
of ammonium [14] to enhance both the rate of 
ureolysis and biological CaCO3 precipitation [7]. 
Typically, bacteria can isolate from natural carbonate 
producing environments and screened for their 
carbonatogenic yield [16]. Ureolytic bacteria especially 
Bacillus species have generated a lot of interest in this 
area, and have been studied extensively [10, 14, 15]. 
The highest ureolysis performance has been reported 
for  B. cereus, which showed a carbonatogenic yield of 
0.6 g CaCO3 per g organic matter input [16]. 
 
3. Non-destructive tests in geophysical 
process 
 Geophysical measurements are useful tool in 
biological soil improvement treatments as they can 
monitor real-time biological and chemical components 
altering the soil engineering properties. These 
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processes measure the treatment impact on the soil 
matrix and correlate reasonably with other engineering 
properties. Shear wave velocity, compression wave 
velocity, and resistivity (the inverse of conductivity) 
are the three primary geophysical methods of use [2]. 
Table 1 describes the overview of three techniques of 
non-destructive test used for biological soil 
improvement treatments. 
 








Shear wave velocity  
Vs
2 = G /   
 
Particle-particle contact stiffness, 
particle stiffness, soil density, confining 
stress, degree of saturation 
Piezo-ceramic bender 
elements, resonant column 
Seismic CPT, cross-hole, 
downhole 
Compression wave velocity  
Vp
2 = (B + 4/3G) /  
 
Bulk modulus of the pore fluid, degree 
of saturation, porosity, bulk modulus of 





surface analysis of 
spectral waves 
Resistivity  
Ω  =  ε / J  
 
Particle volume fractions & voids, 
particle mineral composition, pore fluid 
chemical composition, soil particle 
specific surface area, degree of 
saturation, soil fabric anisotropy 
Wenner and Schlumberger arrays deployed on surface 
or within in-situ probes (e.g. CPT) 
Note: Vs  = Shear wave velocity, Vp = Compression wave velocity,  Ω = Resistivity 
         G = Shear modulus,  = Density, B = Bulk modulus, ε = Electric field, J = Current density 
3.1 Resistivity 
 Resistivity (or conductivity) measures the voltage 
potential gradient through a soil matrix when an 
electrical current is applied across a soil specimen. It 
has been applied to detect variations in soil density, 
displacements and deformations within soil [17], soil 
compression, altering of pore fluid composition [18], 
biological activity [19], and extent of soil improvement 
i.e. the migration of contaminant/chemical plumes, and 
the progress of passive bio-remediation methods [20]. 
However, this technique was found in biocementation 
(biocalcification) monitoring minimally due to the 
changes of many factors (Table 2) influencing soil 
resistivity making the difficulty to clarify the benefits 
actually realized in the soil matrix [2]. 
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3.2 Compression wave velocity 
Compression waves (P-waves) is the first mode of 
elastic wave propagation through soil occurring at very 
small stain levels [21] This wave travels effectively 
through solids and fluids, and are dependent on the 
bulk stiffness (B) and the shear stiffness (G) as 
described in Table 2. P-wave velocity is primarily 
dependent on the porosity, the fluid bulk stiffness, and 
the material comprising the soil particles. It is not 
sensitive to the shear stiffness of the soil matrix. It is 
excellent for monitoring changes in pore fluid 
compressibility, especially in single phase materials 
(i.e. rock, concrete) and biocemented soils having 
sufficient cementation quantity (Vp > 1500 m s
-1) [2]. 
However, measurement of P-wave velocity in 
unbounded and lightly cemented soils does not 
correlate directly with strength unless the soil matrix 
maintains a constant saturation level and/or until 
sufficient cementation has occurred such that the 
particle matrix compressibility significantly exceeds 
that of water [2]. 
3.3 Shear wave velocity 
Many studies reported the non-destructive test for 
measuring shear wave velocity and shear modulus [22-
28] but few researches are found in biological soil 
improvement applications. In this article, we described 
the example of shear wave velocity for strength 
measurement in loose sand before and after 
biocementation process. This example is presented and 
discussed in Section 4. Shear waves (S-waves), the 
second mode of propagation, in which the direction of 
particle motion is perpendicular to the direction of 
propagation [21] and it is recently used for measuring 
the relative strength in soil [22-28]. Advantages of this 
application are a non-destructive examination and are 
capable to measure the soil strength in function of 
time.  Thus, it can be applied in the field for measuring 
the changes of ground improvement conditions in the 
long period. 
3.3.1 Piezo-ceramic bender element and operating 
sensors  
Element tests involve sending elastic waves 
through a specimen to cause transient perturbation to 
the particles, of which the resistance encountered by 
the induced vibration is translated as stiffness of the 
material. The elastic waves can be compression or 
shear waves depending on the direction of the wave 
movement [29]. Elements generating S-waves are 
called bender elements (BEs) because of their shape of 
movement. The principle of BEs is based on the 
properties of piezoelectric materials as they distort or 
bend when subjected to a change in voltage and 
generate a voltage when are distorted or bent. 
BEs consist of two thin piezo-ceramic plates that 
are mounted together, separated by an electrode 
surface and bounded by two further electrode surfaces.  
The two piezoceramic sheets may be polarized in the 
same or opposite directions by wiring either in parallel 
or series, depending on whether an electrical signal is 
to be transmitted or received. In a series connected 
element (Fig. 2a) the wires are connected to the outer 
electrode surfaces and the two piezoceramic plates are 
polarized in opposite directions. In a parallel connected 
element (Fig. 2b) the wires are connected to both the 
outer electrode surfaces and the centre electrode (by 
careful grinding away of a small portion of the 
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element). The polarization of the two outer electrodes 
is the same, either positive or negative, while the 
centre electrode is the other pole [30]. Leong et al. [31] 
demonstrated that the quality of the transmitted and 
received signals is improved when a parallel 
connection is adopted for transmission and a series 




Fig. 2. Overview of bender elements (BE): (a) 
Connection of BEs by series type, (b) Connection of 
BEs by parallel type and (c) Mechanism of BEs 
generating S-wave by supplying electrical current 
adapted from [25, 30, 32]. 
 
For BE testing of soil specimens, a personal 
computer generates a signal through a sound card with 
5V peak to peak as suggested by Mohsin et al. [29]. 
This signal is amplified to 40V peak to peak. An 
oscilloscope is used to measure the arrival time 
between a sending signal and a receiving signal. A 
voltage pulse is applied to the sending sensor for 
generating a shear wave (when excited by a small 
voltage created using a function generator the 
‘transmitter’ distorts and generates a bending motion 
as depicted in Fig. 2c).  When the shear wave reaches 
the other end of the soil sample, distortion of the 
receiving sensor produces another voltage pulse. The 
receiving sensor is directly connected to the 
oscilloscope to compare the difference in travel time 
between the sending and the receiving signals. Thus, 
measurement of time delay between sending and 
receiving of the shear wave will provide the shear 
wave velocity [24, 25, 30, 33]. The shear wave 
velocity measurements are usually performed with 
frequencies ranging between 2 to 12 kHz, at strains 
estimated to be less than 0.0001 % [25]. The schematic 
diagram describing an example of experimental setup 
of BEs for Vs measurement of biocemented sand is 




Fig. 3. Example of experimental setup of bender 
elements technique (BE) for real-time monitoring of 
strength development in biocemented sand adapted 
from [24, 33]. 
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The shear wave velocity is calculated from the tip 
to tip distance between the two transducers and the 
time required by the shear wave to cover this distance 
and time as shown in Eqs. (11) and (12). In addition, 
the initial shear modulus (G0) can be calculated by Eq. 
(13). 
 
Vs = L/t        (11) 
 
t = tt - tc        (12) 
 
G0 = .Vs
2       (13) 
 
where Vs is the shear wave velocity, L is the tip to tip 
distance between two sensors, t is the required time to 
cover this distance, tt is the total travel time and tc is the 
offset time, and  is the soil density [24, 25]. 
In the laboratory or filed tests, a transmitter and 
receiver element can be placed in various soil testing 
devices (i.e. conventional triaxial devices, oedometers 
and direct or simple shear devices), as in the example 
by this study (Section 4), in the sideways of laboratory 
constructed reactors. Although parallel connected 
element is effective element for transmitter and series 
connected element is effective element for a receiver, 
the example of BE experiment in this study in the latter 
section was performed by using the BE series type for 
both transmitter and receiver transducers due to the 
advantage in measurement of receiving signal [24, 25]. 
3.3.2 Wave signal and interpretation 
 Table 2 shows an example of input wave shape. In 
the past, many studies using BEs used a single square-
wave pulse [34]. However, sine-wave pulses have 
become more popular, as these have been shown to 
give more reliable time measurements [35]. 
 While the setup and operation of BE transducers is 
relatively simple, the convenience of BE tests is 
limited by subjectivity associated with identifying 
wave travel time arrivals. Fig. 4 shows an example of 
typical set of transmitted and received oscilloscope 
signals. 
 
Table. 2. Possible input wave shape adapted from [34]. 
 
 
For interpretation of the received signals, diverse 
methodologies  have been proposed ranging from the 
simplest method based on the immediate observation 
of the wave traces and measurement of the time 
interval between starting points, to more elaborate 
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techniques, supported by signal processing and 
spectrum analyses tools [30, 36-40]. Alternative 
options for the selection of the input wave 
configuration have also been proposed, not only in 
terms of its shape (Table 2), but also in its frequency, 
with obvious impact in terms of output clarity and ease 
of interpretation. 
Piriyakul [24] reviewed the signal interpretation 
method for BE interpretation involving visually 
picking the arrival position from the received trace 
within the time domain record directly from an 
oscilloscope.  In addition, da Fonseca et al. [34] 
reviewed a number of potential sources of error 
involved in BE testing and interpretation including 
near-field effects, wave interferences at the rigid 
boundaries, specimen geometry, transducer resonance 





Fig. 4. Example of transmitted and received 
oscilloscope signals from BE technique adapted from 
[34].  
In order to avoid some of these errors, a number of 
technical requirements and boundary conditions were 
suggested by da Fonseca et al. [34], these 
requirements include good electronic equipment, good 
shielding and grounding, properly connected and 
encased transducers, leak-free connections, and a 
noise-free environment. Other factors also play a part, 
especially spatial conditions, such as alignment of the 
BE, reflections of the wave from the edges and sides of 
the specimen, relative distance between transmitter and 
receiver; poor contact between the BEs and the soil 
resulting in poor coupling especially at low confining 
pressures; and overshooting, since at high frequencies 
the BE changes its predominant mode shape and the 
response becomes complex. 
 
4. Biocementation technique in laboratory 
scale  
In this section, the authors gave an example of 
laboratory experiment of biocementation process in 
sand. BE technique was applied to measure the S-wave 
velocity (Vs) in sand before and after biocemented 
treatment. Although the question of which 
microorrganism types are the most effective at 
biocementation has not yet been thoroughly studied 
and utilizing different types of microorganisms may 
also result in different rates of calcite formation in soil 
as reviewed in Section 2. We believe that there should 
be plenty of natural ureolytic microorganisms growing 
in the natural environment. In this research, the source 
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of urea degrading bacteria was originated from natural 
water (Chaophraya River, Thailand), where the 
bacterial community is mixed cultures. 
Biocemented sand reactors (SRs) were made of 
plastic containers with dimensions of 80mm x 80mm x 
80mm (width x length x height). The reactors were 
placed with free-drop 250 g of sieved sand (sand 
sample passed no. 100 and retained no. 200) with an 
approximate depth of 40 mm and filled with 300 mL of 
nutrient solution contained 250mM of urea, 250mM of 
calcium ion (by CaCl2), and glucose (C6H12O6) of 
1.5mM. Source of water used for preparing the 
solution was collected from Northern part of 
Chaophraya River. Control reactor was made of sand 
sample mixed with only water. The experiment was 
performed in ambient with average temperature of 25 ± 
2 oC. The water level of each reactor was remarked. An 
addition of deionized water to each BSR was 
sometimes needed to maintain the constant level of 
water table and prevent the level falling due to water 
loss by evaporation.  
Treated sands (SR1) and control (SR2) were 
measured for strength development by bender element 
test. Dried sand samples were collected for observing 
the morphology by SEM and analyzed by XRD for 
identifying the presence of CaCO3 precipitation in 
treated sand. Effluent water was sampled and analyzed 
for NH4
+ production and water pH. These parameters 
were conducted through the period of the experiment 
and the analyses were based on the procedures of 
Standard Methods for the Examination of Water and 
Wastewater [41]. 
 
4.1 X-ray diffraction  
Fig. 5 illustrates the different patterns of X-ray 
diffractogram between treated sand (SR1) and control 
sand (SR2). The different peaks between the typical 
sand and the treated sand in comparison with 
precipitated CaCO3 powder obtained from the water 
evaporation of solution are marked by “symbol ▲” 
while the “symbol ●” marked the increment of 





Fig. 5. Pattern differences of X-ray diffraction between 
typical sand and treated sand after biocementation  
 
(“▲” indicates the precipitated CaCO3 in sand and 
“●” indicates the increment of further chemical 
compositions). 
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4.2 Bender element test   
 Fig. 6a shows the shear wave velocity of typical 
sand sample. Our research found the occurrence of 
cross talk during measurement. However, applying of 
high frequency input signal (12000 Hz) could be used 







Fig. 6. Measurement of shear wave velocity: (a) 
Typical sand sample (control sand from SR2) and (b) 
Biocemented sand sample (sand from SR1). 
 
 The total travel time, tt, is 600 µs and the offset 
time, tc, is 4 µs. So, the required time, t, is 596 µs 
according to Eq. (12). The tip to tip distance between 
the transducers is 82.5 mm. Therefore, the shear wave 
velocity, Vs, of 138.4 m/s is obtained by using Eq. 
(11). In the similar way, Fig. 6b shows the shear wave 
velocity of biocemented sand sample. The total travel 
time, tt, is 240 µs and the offset time, tc, is 4 µs. So, the 
required time, t, is 236 µs according to Eq. (12). The 
tip to tip distance between the transducers is 79.5 mm. 
The shear wave velocity, Vs, of 336.9 m/s is obtained. 
From the results, the shear wave velocity was 
increased about 143 percent after the treatment 
process. It is noted that direct mapping of the 
cementation quality with Vs would be useful for 
identifying the spatial uniformity of biological induced 
CaCO3 in soil where the technique is applied to the 
field (large area) and also the stability of the treatment 
over time. 
4.3 Scanning electron microscopy   
The effectiveness of a biocemented treatment is 
directly dependent on the spatial distribution of the 
CaCO3 precipitate that contributes to the binding of 
sand particles together. Images from SEM, as shown in 
Fig. 7, provide clear images of sand particles collected 
from SR1 (typical sand reactor, Fig. 7a to 7c) and SR2 
(biocemented sand reactor, Fig. 7d to 7f). The results 
show the phenomenon of precipitated CaCO3 occurred 
in SR2 coated the exposed surfaces of sand particles 
resulting in the decrease in the pore space and the 
increase in the solid content, consequently the increase 
in Vs.  Dejong et al. [2] reported that biocemented 
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treatment resulted in reduction of 6-17% of the initial 
void space and increased the relative density 
correspondingly of 63-100% due to the pore being 
filled with precipitated CaCO3. Thus, the effective 
densification of the soil (due to an increase of CaCO3 
solid content) provides significant improvement to soil 
engineering properties in terms of increased shear 
strength, increased stiffness, reduced compressibility 





Fig. 7. Geophysical monitoring of sand particles by 
scanning electron microscope (SEM); typical sand (a, b 
and c) [33], treated sand after biocemented treatment 
(d, e and f) [33], and model of calcium carbonate 
(CaCO3) distribution alternatives in pore spaces of 
sandy soil (g) after [2]. 
4.4 Ammonification rate and change of pH    
When urea is added to the soil, it is firstly 
hydrolyzed to NH4
+ by urease enzyme as depicted in 
Eqs. (1) to (3), and in a next step NH4
+ may be 
oxidized to nitrate (NO3
-) by nitrification process 
and/or reduced to oxide of nitrogen and nitrogen gas 




Fig. 8. Ureolysis rate (as NH4
+ production) and change 
of water pH in biocemented treatment (SR1) and 
control (SR2) treatment. 
Fig. 8 illustrates the formations of NH4
+ produced 
by biocemented (SR1) and control (SR2) treatments. 
The production rate of NH4
+ distinctly increased in 
SR1 after five weeks of experiment while there was no 
significant change of NH4
+ production rate in SR2. The 
NH4
+ production rate in SR1 was rapidly increased 
from 947 at week 2 to 6742 mg N L-1 d-1 at week 5 and 
still increased to 10127 mg N L-1 d-1 at week 11, while 
the NH4
+ production rate in SR2 was only found 
between 50 and 148 mg N L-1 d-1 during the 
experiment. 
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+ concentrations were found in SR1 
(biocemented treatment) due to the degradation of urea 
presented in the solution of SR1 by ureolysis process, 
while small NH4
+ production by control treatment 
might result from the degradation of residual organic 
nitrogen (Org. N) matter of only sand origin. Line 
graph presented in Fig. 8 illustrates the change of water 
pH in SR1. Relatively high production of NH4
+ in SR1 
in comparison with SR2 resulted on high alkalinity and 
rapid increasing of pH in SR1 as demonstrated in Eqs. 
(1) to (10). It was noted that change of pH in SR2 was 
insignificant and pH value only varied between 6.7 and 
7.8. 
 
5. Technology visibility and applications 
5.1 Technological advantages 
Improvement of the geophysical properties of soil 
can be achieved using mechanical compaction, 
chemical grouting, or biocementation. For shallow and 
deep mechanical compaction methods, most of their 
techniques (e.g. rolling or vibrating and vibro-
compaction or dynamic compaction) are only effective 
or economically viable to a depth less than 10 m and 
some methods are not applicable for clayed soils and 
recent municipal landfills [6].  
For chemical grouting by injection methods, some 
chemical reagents must be added to diminish soil 
permeability and increase its mechanical strength. 
Disadvantages are chemical costs, handling, and 
negative impact to environment.  There are several 
ways of chemical injection including low pressure 
grouting, high pressure grouting, stage-down or stage 
up methods, and other grouting methods including 
grout port, vibrating beam and horizontal grout curtain 
methods  [45, 46]. 
 
Table 3 Technology benefits of biocementation 
process to industry after [2] 
Characteristics Envisioned advantages 
Reduction in costs - Use of natural materials; 




- Use of natural materials that 
do not permanently alter 
subsurface conditions and 





- Microbes are small and self 
mobile. They can readily 
penetrate into soils having 
potential to enhance spatial 
uniformity of treatment. 
Optimal treatment 
condition 
- Degree of treatment can be 
controlled and monitored.  
Flexible and 
adaptable duration 
- Treatments can be removed 
if only temporary support 
needed. 
Biocementation method could be similar to those 
used in chemical grouting. Advantage of biological 
grouting over chemical one is that the microbial grouts 
may accessibility and large diversity of 
microorganisms, which can be used for soil biological 
treatment. In the soil environment, it was found that 
more than 109 microbial cells per gram of soil existed 
in the top few meters of soil. Although the population 
concentrations generally decrease with depth, at 30 m 
of depth, where is the lower limit of most soil 
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improvement engineering applications, microbial 
population of about 106 cells per gram of soil can exist 
[47]. Thus, the numbers of microorganisms that can be 
used for biological ground improvement are numerous, 
although individually they are very small. Table 3 
summarized several characteristics of soil 
improvement technique by biocementation through 
microbial CaCO3 precipitation that may prove 
advantageous relative to industrial application. 
For economic consideration, the cost of 
biocemented treatment schemes will be dependent on 
the process used, and on details of the specific field 
project. With very limited field applications, the actual 
costs of the various improvement processes are largely 
unknown. Table 4 gives an overview of the 
approximated cost related to the application of 
biocemented treatment to soil improvement. Basically, 
the cost of the biocemented treatment are attributable 
both to the price of the grouting medium and the 
number of applications required. The price of the bio-
grouting medium depends on the price of the 
microorganisms and the price of the nutrients. 
Disadvantages of soil biocementation in 
comparison with chemical grouting are usually slower 
(essential time requirement for carbonate production) 
and more complex than the chemical one because the 
microbial activity depends on many environmental 
factors such as temperature, pH, soil oxidation-
reduction stages, concentrations and diffusion rates of 
nutrients and metabolites. 






($ / m3 of soil) 
CaCl2 + urea + µ.org. 4.0–9.0 
Iron ore + organic wastes + µ.org. 1.0–4.0 
Molasses + µ.org. 0.5–4.0 
Food-processing wastes + µ.org. 0.5–2.0 
(Note: µ.org. = microorganisms) 
 
Process design of biocementation must take into 
account not only soil conditions and grouting medium 
contents but also microbiological (growth and specific 
enzymatic activities; biosynthesis; biodegradation; 
biochemical reactions accompanied with formation of 
insoluble compounds; and physico-chemical processes 
such as precipitation, crystallization, and adhesion), 
and geotechnical engineering aspects (specific 
geotechnical parameters of soil can be used as process 
optimization criteria) [6]. 
5.2 Research activity and technological applications  
Research has provided insights into biocementation 
technique through microbial induced CaCO3 
precipitation from micrometre- to metre-length scales 
(Fig. 9). At microscopic scale, formation of CaCO3 
varies with treatment options [2], precipitation of 
CaCO3 occurs directly on the surface and in the pore 
space and of soil particles or around microbial cells 
and their aggregates and cementation of soil particles 
(bridging and agglomeration) occurs preferentially at 
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particle contacts [2, 3, 10]. At laboratory scale tests, 
many studies have shown substantial increases in soil 
strength after biocemented treatment [1-16, 52-55, 58, 
59]. In our research study at CIT-KMUTNB’s 
laboratory (Fig. 3), rectangular-shaped column reactors 
were setup and explored the efficacy of biocementation 
and linkages between microbially ureolysis activity, Vs 
and CaCO3 precipitation as described in section 4 [33]. 
Result found that Vs of experimented sand was 
increased from 138.4 to 336.9 m s-1 after biocemented 
treatment. From Eq. (13), estimated G value of 
biocemented sand was about six folds higher than 
typical sand before biocemented treatment. Further 
studies also reported an increasing of small strain 
stiffness by three orders of magnitude [1, 8, 55] and 
decreasing of hydraulic conductivity greater than two 
orders of magnitude [58, 59]. 
 
At pilot or field scale tests, only a few trials have 
been performed up to date [55, 60]. In van Paassen 
[55], the biocemented treatment was applied to 1000 
m3 of soil at depths varying between 3 and 20 m below 
the surface for gravel stabilisation and enabling 
horizontal directional drilling for a gas pipeline in the 
Netherlands. The treatment involved injection of a 200 
m3 bacterial suspension, two injections of 300 - 600 m3 
of reagent solution containing urea and CaCl2, and 
extraction of groundwater. Overall, the treatment was a 
success, as horizontal directional drilling for a gas 
pipeline was possible without instability in the loose 
gravel deposit. In Fugita et al. [60], the research target 
was difference with van Paassen’s work [55]. They 
applied biocementation to form co-precipitation with 
heavy metal (strontium-90) immobilize, and prevent 
metal leakage to environment. Although the rate of 
CaCO3 precipitation was slower than in the 
biocementation application in the Netherlands, but it 
was sufficient rate for the project requirement. Other 
scale model tests have demonstrated the effectiveness 
of biocementation through microbial induced CaCO3 
precipitation in reducing soil weathering [61], 
improving resistance to liquefaction [62], creating 
impermeable crusts for catchment facilities [63], 
healing/stabilising cracks in concrete and masonry [64, 
65] , treating waste [66], and performing shallow 
carbon sequestration [67-69]. Additionally, not only 
bacterial species were reported for inducing CaCO3 
precipitation, other organisms including plants [67] 
and microalgae [70] were also reported for effective 
producing CaCO3 precipitation.  
 
The above attributes readily lend the treatment 
technique to civil and environmental applications, 
especially infrastructure applications, and possible 
broader applications for national and international 
security, energy storage, and global warming. Table 5 
gives an overview of engineering applications by 
biocementation process. 
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Table 5 Overview of technological applications of biocementation in civil and environmental engineering after [2, 6] 
Engineering issues Technical applications 
Liquefaction prevention - Cementation of subsurface to prevent liquefaction and its damage. 
Building settlement reduction - Reduce settlement and increase bearing capacity for foundations; 
- Increasing the bearing capacity of piled or nonpiled foundations; 
- Treating pavement surface. 
Dam and levee safety - Upstream injection of technique would plug erosive piping; 
- Enhancing stability for retaining walls, embankments, and dams.  
Tunneling - Soil stabilization prior to tunneling would reduce disruption and increase 
efficiency. 
Scour/erosion prevention - Treatment would increase resistance to erosive forces of water flow; 
- Controlling erosion in coastal area and rivers. 
Bluff and slope stabilization - Treatment could provide additional stability needed to prevent failures. 
Impermeable barriers - Barriers to stop/divert subsurface transport of contaminants. 
Reactive barriers - Opportunity for creation of barriers that treat/clean groundwater as it flows; 
- Immobilising bacterial cells into a cemented active biofilter.  
Groundwater protection - Treatment to immobilize materials before contamination of aquifers; 
- Creating water filters and bore hole filters.  
Emergency immobilization - Rapidly secure contaminants from hazards (e.g. terrorist activities); 
- Stabilising pollutants from soil by the binding. 
Aquifer storage and recovery - Treatment to enhance storage and reduce losses in aquifers. 
Energy (fuel) storage - Used to create subsurface facilities for storage of liquefied natural gas; 
- Increasing the resistance to petroleum borehole degradation during drilling 
and extraction.  
Carbon sequestration - Used to create subsurface facilities for storage of CO2. 
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Fig. 9 Overview of upscaling of biocementation through microbial carbonate precipitation: (a) Limestone cave [48]; 
(b) Limestone at seashore [49]; (c) Natural sandstone [50]; (d) Optical microscopic images of colonies formed by 
bacteria presented in limestone [48]; (e) Example of ureolytic bacteria B. pumilus [51]; (f) Urease enzyme structure 
[52]; (g) Laboratory scale of biocementation research for soil improvement [53]; (h) Pilot scale and field test of 
biocement research [54, 55]; (i) Geophysical images of sand particles before and after biocemented treatment [53]; 
(j)  Improvement of soil engineering improvement properties [56]; and (k) Examples of land engineering issues [57] 
that biocementation technique may apply for soil improvement. 
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The knowledge about the microbial origin of 
limestone has resulted in research concerning 
microbial induced calcium carbonate (CaCO3) 
precipitation. We provided an in-depth overview of 
biocementation technique, its prospective 
technological applications, and example of 
biocementation research with real-time instrument for 
monitoring strength improvement at CIT-KMUTNB 
Laboratory. Although strengthening of porous soil 
using cement or chemical techniques is often used in 
geotechnical engineering works, usage of biological 
treatment is being interest due to technology viability 
of cost (economic and inexpensive) and 
environmentally friendly. In biological approach, a 
new technique based on the microbially induced 
calcium carbonate (CaCO3) precipitation (sometimes 
called microbially induced calcite precipi-tation or 
MICP, biocalcification, biocementation) is being 
worldwide studied and applied in the large scale of soil 
improvement projects. In this technical process, the 
enzymatic reaction of urea hydrolysis (ureolysis) is 
used to control the pH and CaCO3 precipitation 
according to biochemical reactions of ureolysis and 
carbonate production. The reaction is catalyzed by 
enzyme urease produced from different 
microorganisms. The urease activity controls the rate 
of CaCO3 formation inside the pores of soil due to an 
increase of alkalinity.  
Generally, there are several mechanisms that 
control the soil biocementation including (1) filling (or 
clogging) the voids between soil particles by CaCO3 
formed by consequence products of ureolysis; (2) 
filling (or clogging) the voids between soil particles by 
growth of bacterial biomass and biofilms; (3) coating 
and binding (or bridging) the soil particles with 
CaCO3; and (4) coating and binding (or bridging) the 
soil particles with bacterial biomass and biofilms. 
Several researchers including this study have proposed 
the use of ureolytic bacteria for CaCO3 forming, 
precipitating and strengthening of sandy soil. However 
not only bacteria, but also other ureolytic producing 
organisms (i.e. microalgae, plant) or extraction of 
enzyme urease products can be used for soil 
biocementation process. 
Overall, the laboratory scale tests of 
biocementation of sandy soil using ureolytic bacteria 
presented in natural water of Chao Phraya River was 
success. Progress of the research showed that natural 
ureolytic bacteria in mixed cultures performed well its 
activity for biocemntation. Geophysical method by 
shear wave velocity (Vs) measurement is effective for 
real-time monitoring of the biocementation process 
that links how the bio-mediated chemical processes are 
influencing the soil matrix. For most biological 
improvement systems the shear and compression wave 
velocities are the two best indicators, while resistivity 
primarily provides insight into the change in pore fluid 
composition. In test result, the strength (shear modulus, 
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G value) of treated sand after biocemention was 
substantially increased, approximately six folds higher 
than control treatment. Analytical results from XRD 
ensured the occurrence of CaCO3 in treated sand under 
biocemented process. The microscopic scale observing 
from SEM technique illustrated the coating of CaCO3 
on the surface of the loosed sand particles, resulting in 
more solid content and less pore space, hence an 
increase of Vs value. These results suggested that 
substantial cementation in loose sand structures can be 
engineered through harnessing and controlling natural 
biological processes. With the maturation of this 
technology in future studies, multiple new 
opportunities for engineering soil improvement 
implementation can be envisioned, i.e. treatment of 
liquefiable sand deposits; pretreatment of the 
subsurface prior to tunneling; building settlement 
reduction; soil weathering and erosion; and dam, levee, 
and slope stabilization. However, It is clear that the 
successive works done by several researchers in 
literatures, focusing on laboratory and field trials, can 
only improve our understanding on the possibilities 
and limitations of this technique. However, the 
challenge for the immediate future is to translate some 
of the promising results obtained in the laboratory and 
field tests into practical applications. Furthermore, the 
uniform treatment of a large zone of soil requires 
advanced system modeling and the development of 
real-time field- or practical- scale monitoring 
techniques to ensure spatially uniform treatment is 
necessary. 
7. References 
[1] L.A. van Paassen, R. Ghose, T.J.M. van der 
Linden, W.R.L. van der Star and M.C.M. van 
Loosdrecht, “Quantifying biomediated ground 
improvement by ureolysis: large-scale biogrout 
experiment”, Journal of Geotechnical and 
Geoenvironmental Engineering 136, 2010, 
pp.1721-1728. 
[2] J.T. De Jong, B.M. Mortensen, B.C. Martinez 
and D.C. Nelson, “Bio-mediated soil 
improvement” Ecological Engineering 36, 2010, 
pp.197-210. 
[3] J.T. De Jong, K. Soga, E.K. Ian, S. Burns, L.A. 
van Paassen, A.A. Qabany, A. Aydilek, S.S. 
Bang, M. Burbank, L.F. Caslake, C.Y. Chen, X. 
Cheng, J. Chu, S. Ciurli, A. Esnault-Filet, S. 
Fauriel, N. Hamdan, T. Hata, Y. Inagaki, S. 
Jefferis, M. Kuo, L. Laloui, J. Larrahondo, 
D.A.C. Manning, B. Martizez, B.M. Montoya, 
D.C. Nelson, A. Palomino, P. Renforth, J.C. 
Santamarina, E.A. Seagren, B. Tanyu, M. 
Tsesarsky and T. Weaver, “Biogeochemical 
processes and geotechnical appli-cations: 
progress, opportunities and challenges”, 
Géotechnique 63, 2013, pp.287–301. 
[4] L.A. van Paassen, C.M. Daza, M. Staal, D.Y. 
Sorokin, W. van der Zon, and M.C.M. van 
Loosdrecht, “Potential soil reinforcement by 
biological denitrification”, Ecological 
Engineering 36, 2010, pp.168-175. 
บทความวิชาการ                                                           วารสารวิชาการเทคโนโลยีอุตสาหกรรม ปีที  9 ฉบบัที  3  กนัยายน – ธันวาคม  2556 
The Journal of Industrial Technology, Vol. 9, No. 3 September – December  2013 
 
214 
[5] V.S. Whiffin, J.W.M. Lambert and C.C.D. 
VanRee, “Biogrout and biosealing - pore-space 
engineering with bacteria”, Geo-Strata - Geo 
Institute of ASCE 5, 2005, pp.13-16. 
[6] V. Ivanov, and J. Chu, “Applications of micro-
organisms to geotechnical engineering for 
bioclog-ging and biocementation of soil in situ”, 
Reviews in Environmental Science and Biotech-
nology 7, 2008, pp.139 -153. 
[7] M. Nemati and G. Voordouw, “Modification of 
porous media permeability, using calcium 
carbonate produced enzymatically in situ”, 
Enzyme and Micro-bial Technology, 33, 2003, 
pp.635-642. 
[8] J.T. DeJong, M.B. Fritzges and K. Nusslein, 
“Microbially induced cementation to control sand 
response to undrained shear”, Journal of 
Geotech-nical and Geoenvironmental 
Engineering 132, 2006, pp.1381-1392. 
[9] V.S. Whiffin, L. van Paassen and M.P. Harkes, 
“Microbial carbonate precipitation as a soil 
improvement technique”, Geomicrobiology 
Journal 24, 2007, pp.417–423. 
[10] W.D. Muynck, N.D. Belie and W. Verstraete, 
“Microbial carbonate precipitation in 
construction materials: A review”, Ecological 
Engineering 36, 2010, pp.118-136. 
[11] S. Castanier, G. Le Méteyer-Levrel and L. 
Martire, “Bacterial roles in the precipitation of 
carbonate minerals”, pp.32-39. In: R.E. Riding 
and S.M. Awramik (Ed.) “Microbial Sediments”, 
Springer, Heidelberg, Germany, 2000. 
[12] F. Hammes, and W. Verstraete, "Key roles of pH 
and calcium metabolism in microbial carbonate 
precipitation” Reviews in Environmental Science 
and Biotechnology 1, 2002, pp.3-7. 
[13] J. Dick, W. de Windt, B. de Graef, H. Saveyn, P. 
van der Meeren, N. de Belie and W. Verstraete, 
“Bio-deposition of a calcium carbonate layer on 
degraded limestone by Bacillus species”, 
Biodegradation 17, 2006, pp.357–367. 
[14] G.D.O. Okwadha and J. Li, “Optimum conditions 
for microbial carbonate precipitation”. 
Chemosphere 81, 2010, pp.1143-1148. 
[15] W. Stumm and J.J. Morgan, “Aquatic Chemistry 
(2nd eds.)”, John Wiley, NewYork, 1981. 
[16] S. Castanier, G. Le Metayer-Levrel and J.-P. 
Perthuisot, “Ca-carbonates precipitation and 
lime-stone genesis - the microbiogeologist point 
of view”. Sedimentary Geology 126, 1999, pp.9–
23. 
[17] Z. Li, B.L. Kutter, D.W. Wilsone, K. Sprott, J.S. 
Lee and J.C. Santamarina, “Needle probe 
application for high-resolution assessment of soil 
spatial variability in the centrifuge”, In:  P. W. 
Mayne (ed.) “Proceeding of Geo-Frontiers 2005 
Congress, Site Characteri-zation and Modeling”, 
Geotechnical Special Publication 138, 2005, 
pp.1-15, ASCE Geo-Institute, Austin, Texas. 
[18] K.A. Klein and J.C. Santamarina, “Electrical 
conductivity in soils: underlying phenomena”. 
Journal of Environmental and Engineering Geo-
physics 8, 2003, pp.263-273. 
บทความวิชาการ                                                           วารสารวิชาการเทคโนโลยีอุตสาหกรรม ปีที  9 ฉบบัที  3  กนัยายน – ธันวาคม  2556 
The Journal of Industrial Technology, Vol. 9, No. 3 September – December  2013 
 
215 
[19] R. Snieder, S. Hubbard, M. Haney, G. Bawden, 
P. Hatchell, A. Revil, R. Calvert, A. Curtis, M. 
Fehler, P. Gerstoft, B. Hornby, M. Landro, D. 
Lesmes, K. Mehta, M. Mooney, C. Pacheco, S. 
Prejean, H. Sato, J. Schuster, K. Wapenaar and 
M. Wilt, “Advanced noninvasive geophysical 
monitoring techniques”, Annual Review of Earth 
and Planetary Sciences 35, 2005,  pp.653-683. 
[20] K.H. Williams, D. Ntarlagiannis, L.D. Slater, A. 
Dohnalkova, S.S. Hubbard, and J.F. Banfiled, 
“Geophysical imaging of stimulated microbial 
bio-mineralization”, Environmental Science and 
Tech-nology, 39, 2005, pp.7592-7600. 
[21] J.C. Santamarina, K.A. Klein and M.A. Fam, 
“Soils and Waves”. John Wiley & Sons Ltd., 
2001. 
[22] R. Dyvik and C. Madshus, “Laboratory measure-
ment of Gmax using bender elements”, The ASCE 
Annual Convention, Detroi, 1985, pp.186-196. 
[23] E.G.M. Brignoli, M. Gotti and K.H. Stokoe, 
“Measurement of shear waves in laboratory 
specimens by means of piezoelectric 
transducers”. Geotechnical Testing Journal 19, 
1996, pp.384–397. 
[24] K. Piriyakul, “A development of a bender 
element apparatus”, Journal of King Mongkut’s 
University of Technology North Bangkok 20, 
2010, pp.363-369. (in Thai) 
[25] K. Piriyakul, “Using of piezoelectric ceramic 
sensor to measure the shear wave velocity of 
Bangkok clay”, Journal of Industrial Technology 
8, 2012, pp.82-89. (in Thai) 
[26] K. Piriyakul, “Soil disturbance assessment in soil 
sampling of open tube sampler and rotary core 
drilling”, Journal of Industrial Technology 6, 
2010, pp.1-6. (in Thai) 
[27] K. Piriyakul, “Examination of anisotropy of clay 
using shear wave velocity”, Journal of Industrial 
Technology 6, 2010, pp.25-29. (in Thai) 
[28] A.K.M. Mohsin and D.W. Airey, “Automating 
Gmax measurement in triaxial tests”, Proceeding 
of. Prefailure Deformation Characteristics of 
Geomaterials, Lyon, France, 2003, pp.73-80. 
[29] C.M. Chan, “On the interpretation of shear wave 
velocity from bender element tests”, ACTA 
Technica Corviniensis - Bulletin of Engineering 
Tome V Fascicule 1, 2012, pp.29-34. 
[30] J. Bonal, S. Donohue and C. McNally, 
“Examination of a novel wavelet based approach 
for bender element testing”, Proceedings of the 
4th Symposium on Bridge and Infrastructure 
Research, Galway, Ireland, 2008, pp.435-442. 
[31] E.C. Leong, S.H. Yeo and H. Rahardjo, 
“Measuring shear wave velocity using bender 
elements”, Geotechnical Testing Journal 28, 
2005, pp.488-498. 
[32] S.L. Kramer, “Geotechnical Earthquake 
Engineering” , Prentice-Hall Inc., Upper Saddle 
River, New Jersey, 1996. 
[33] K. Piriyakul and J. Iamchaturapatr, “Application 
of non-desctructive testing for measurement of 
strength development of biocemented sand”, 4th 
International Conference on Multi-Functional 
Materials and Structures, Bangkok. Published in 
Advanced Material Research, 747, 2013, pp.660-
663. 
บทความวิชาการ                                                           วารสารวิชาการเทคโนโลยีอุตสาหกรรม ปีที  9 ฉบบัที  3  กนัยายน – ธันวาคม  2556 
The Journal of Industrial Technology, Vol. 9, No. 3 September – December  2013 
 
216 
[34] A.V. da Fonseca, C. Ferreira, and M. Fahey, “A 
framework interpreting bender element tests: 
Combining time-domain and frequency-domain 
methods”, Geotechnical Testing Journal 32, 
2009, pp.1-17. 
[35] J. Blewett, I.J. Blewett, and P.K. Woodward, 
“Phase and amplitude responses associated with 
the measurement of shear-wave velocity in sand 
by bender elements”. Canadian Geotechnical 
Journal 37, 2000, pp.1348–1357. 
[36] J.A. Black, S.A. Stanier and S.D. Clarke, “Shear 
wave velocity measurement of Kaolin during 
undrained unconsolidated triaxial compression”, 
Proceedings of the 62nd Canadian Geotechnical 
Conference, Halifax, Canada, 2009, pp.1-8.  
[37] J. Lee and J. Santamarina, “Bender elements: 
Performance and signal interpretation”, Journal 
of Geotechnical and Geoenvironmental 
Engineering 131, 2005, pp.1063-1070. 
[38] A. Sawangsuriya, “Wave Propagation Methods 
for Determining Stiffness of Geomaterials”, In: 
P. Giovine (ed.) “Wave Processes in Classical 
and New Solids”, Published and open assessed in 
internet website of InTech, 2012, pp.157-200. 
[39] A. Patel, D.N. Singh and K.K. Singh, 
“Performance analysis of piezo-ceramic elements 
in soils”, Geotechnical and Geological 
Engineering 28, 2010, pp.681-694. 
[40] Y.H.M. Wang, K.F. Lo, W.M. Yan and X.B. 
Dong, “Measurement biases in the bender 
element test”. Journal of Geotechnical and 
Geoenvironmental Engineering 133, 2007, 
pp.564-574. 
[41] APHA, AWWA and WEF, “Standard Methods 
for the Examination of Water and Wastewater 
(20th eds.)”, Washington, DC: American Public 
Health Association, American Water Work 
Association and Water Environment Federation. 
[42] D. Geisseler, W.R. Horwath, R.G. Joergensen 
and B. Ludwig, “Pathways of nitrogen utilization 
by soil microorganisms - A review”, Soil 
Biology and Biochemistry 42, 2010, pp.2058-
2067. 
[43] K. Hamonts, N. Balaine, E. Moltchanova, M. 
Beare, S. Thomas, S.A. Wakelin, M. 
O'Callaghan, L.M. Condron and T.J. Clough, 
“Influence of soil bulk density and matric 
potential on microbial dynamics, inorganic N 
transformations, N2O and N2 fluxes following 
urea deposition”, Soil Biology and Bio-chemistry 
65, 2013, pp.1-11. 
[44] Y. Xu, Z. Xu, Z. Cai and F. Reverchon, “Review 
of denitrification in tropical and subtropical soils 
of terrestrial ecosystems”. Journal of Soils and 
Sedi-ments 13, 2013, pp.699-710. 
[45] J. Chu, “General report of SESSION 7: Biogrout 
& other grouting methods”, ISSMGE - TC 211 
Symposium on Ground Improvement IS-GI 
Brussels, Crowne Plaza, Belgium, 2012. 
[46] R.H. Karol, “Chemical Grouting and Soil Stabili-
zation, (3rd eds.)”, Marcel Dekker Inc., NY, 2003. 
[47] W.B. Whitman, D.C. Coleman and W.J. Wiebe, 
“Prokaryotes: the unseen majority”, Proceedings 
of the National Academy of Sciences of the USA 
95, 1998, pp.6578–6583. 
บทความวิชาการ                                                           วารสารวิชาการเทคโนโลยีอุตสาหกรรม ปีที  9 ฉบบัที  3  กนัยายน – ธันวาคม  2556 
The Journal of Industrial Technology, Vol. 9, No. 3 September – December  2013 
 
217 
[48] T. Komala and T.C.  Khun, “Calcite-forming 
bacteria located in limestone area of Malaysia”.  
Journal of Asian Scientific Research 3, 2013, 
pp.471-484. 
[49] Wikipedia. (2013). Lake Clifton, Western 
Australia: Lake Clifton thrombolites. Internet 
website of Wikipedia at http://en.wikipedia.org/, 
accessed on 12 September 2013. 
[50] Wikipedia, “Sandstone”, Available: 
http://en.wikipe-dia.org/, accessed on 12 
September 2013. 
[51] P. Stothard, G. van Domselaar, S. Shrivastava, A. 
Guo, B. O'Neill, J. Cruz, M. Ellison and D.S. 
Wishart, “BacMap: an interactive picture atlas of 
annotated bacterial genomes”, Nucleic Acids 
Research 33, 2005, 317-320. Available: http:// 
bacmap-.wishartlab.com/, accessed on 12 
September 2013. 
[52] S. Benini, W.R. Rypniewski, K.S. Wilson, S. 
Miletti, S. Ciurli and S.Mangani, “A new 
proposal for urease mechanism based on the 
crystal structures of the native and inhibited 
enzyme from Bacillus pasteurii: why urea 
hydrolysis costs two nickels”, Structure 7,  1999, 
pp.205-216. 
[53] H. Yasuhara, D. Neupane, K. Hayashi and M. 
Okamura, “Experiments and predictions of 
physical properties of sand cemented by 
enzymatically-induced carbonate precipitation”, 
Soils and Founda-tions 52, 2012, pp.539–549. 
[54] L.A. van Paassen, M.P. Harkes, G.A. van 
Zwieten, W.H. van der Zon and W.R.L. van der 
Star, “Scale up of BioGrout: a biological ground 
reinforcement method”, In: M. Hamza, M. 
Shahien, and Y. El-Mossallamy (ed.) “The 
Academia and Practice of Geotechnical 
Engineering”, Proceedings of the 17th 
International Conference on Soil Mechanics and 
Geotechnical Engineering, Alexandria, Egypt, 
2009, pp.2328-2333. 
[55] L.A. van Paassen, “Bio-mediated ground 
improvement: from laboratory experiment to 
pilot applications”, Proceedings of Geo-Frontiers 
2011: Advances in Geotechnical Engineering, 
Dallas, Texas, Geotechnical Special Publications 
211, 2011, pp. 4099-4108. 
[56] M. van der Ruyt, and W. van der Zon, 
“Biological in situ reinforcement of sand in near-
shore areas”, Geotechnical Engineering 162, 
2009, pp.81-83. 
[57] A. Nakano, “Microbial induced carbonate 
precipi-tation for the remediation of soil and 
geoenviron-ment”, Power-point presentation for 
International Training Program (ITP), 2012. 
Available: http:// www.kobe-u.ac.jp/, accessed on 
20 September 2013. 
[58] C. Rusu, X. Cheng, and M. Li, “Biological 
clogging in Tangshan sand columns under salt 
water intrusion by Sporosarcina pasteurii”, 
Advanced Materials Research 250–253, 2011, 
pp.2040–2046. 
บทความวิชาการ                                                           วารสารวิชาการเทคโนโลยีอุตสาหกรรม ปีที  9 ฉบบัที  3  กนัยายน – ธันวาคม  2556 
The Journal of Industrial Technology, Vol. 9, No. 3 September – December  2013 
 
218 
[59] B.C. Martinez, J.T. DeJong, T.R. Ginn, B.M. 
Mortensen, T.H. Barkouki, C. Hunt, B. Tanyu 
and D. Major, “Experimental optimization of 
microbial induced carbonate precipitation for soil 
improve-ment”, Journal of Geotechnical and 
Geoenviron-mental Engineering 139, 2013, 
pp.587–598. 
[60] Y. Fujita, J.L. Taylor, L.M. Wendt, D.W. Reed 
and R.W. Smith, “Evaluating the potential of 
native ureolytic microbes to remediate a 90Sr 
contaminated environment”, Environmental 
Science and Techno-logy 44, 2010, pp.7652–
7658. 
[61] S. Bang, S.H. Min and S.S. Bang, “Application 
of microbiologically induced soil stabilization 
tech-nique for dust suppression”, International 
Journal of Geoengineering 3, 2011, pp.27-37. 
[62] B.M. Montoya, J.T. De Jong and R.W. 
Boulanger, “Dynamic response of liquefiable 
sand improved by microbial induced calcite 
precipitation”. Géotech-nique 63, 2013, pp.302-
312. 
[63] V. Stabnikov, M. Naeimi, V. Ivanov and J. Chu, 
“Formation of water-impermeable crust on sand 
surface using biocement”, Cement and Concrete 
Research 41, pp.1143-1149. 
[64] S.S. Bang, J.J. Lippert, U. Yerra, S. Mulukutla 
and V. Ramakrishnan, “Microbial calcite, a bio-
based smart nanomaterial in concrete 
remediation”, International Journal of Smart and 
Nano Materials 1, 2010, pp.28-39. 
[65] N.K. Dhami, S.M. Reddy, and A. Mukherjee, 
“Biofilm and microbial applications in biomine-
ralized concrete”. In: J. Seto (ed.) “Advanced 
Topics in Biomineralization”, Published and 
open assessed in internet website of InTech, 
2012, pp.137-164.  
[66] J. Chu, V. Ivanov, M.F. Lee, X.M. Oh, and J. He, 
“Soil and waste treatment using biocement”, 
Proceedings of the International Symposium on 
Ground Improvement Technologies and Case 
Histories (ISGI’09), Singapore, 2009, pp.165-
170. 
[67] D.A.C. Manning, “Biological enhancement of 
soil carbonate precipitation: passive removal of 
atmospheric CO2”, Mineralogical Magazine 72, 
2008, pp.639-649. 
[68] P. Renforth, D.A.C. Manning and E. Lopez-
Capel, “Carbonate precipitation in artificial soils 
as a sink for atmospheric carbon dioxide”, 
Applied Geo-chemistry 24, 2009, pp.1757-1764. 
[69] C.L. Washbourne, P. Renforth and D.A.C. 
Manning, “Investigating carbonate formation in 
urban soils as a method for capture and storage of 
atmospheric carbon”, Science of the Total 
Environment 431, 2012, pp.166–175. 
[70] D. Ariyanti, N.A. Handayani and H. Hadiyanto, 
“An overview of biocement production from 
microalgae”, International Journal of Science and 
Engineering 2, 2011, pp.30-33. 
